Results of transient-expression studies have suggested a correlation between tissue-specific pathogenicity of murine leukemia viruses and the relative transcriptional activities of their long terminal repeats in various cell types. To test whether transient-expression ratios are representative of those of integrated proviruses, we developed a system for generation of retroviral transmission vectors differing only in U3. Vectors with the long terminal repeats of leukemogenic SL3-3 and nonleukemogenic Akv viruses were used for infection of a lymphoid cell line. We then compared expression in infected cells with transient expression after DNA transfection. In contrast to a high SL3-3/Akv reporter gene expression ratio in the transient assays, the ratio in stably infected populations was low. Sets of random cell clones from the two infected populations showed wide variation, with a mean value ratio identical to the population ratio but a considerably higher ratio between lowest values. We suggest that the lower expression levels, like transient expression, reflect inherent enhancer strength and that the higher levels represent chromosomal influence. The different pathogenicity, despite the moderate difference in average expression, may then relate to a different capacity for insertional oncogene activation owing to the different inherent enhancer strengths revealed by the transient-expression assays and the least active proviruses.
Results of transient-expression studies have suggested a correlation between tissue-specific pathogenicity of murine leukemia viruses and the relative transcriptional activities of their long terminal repeats in various cell types. To test whether transient-expression ratios are representative of those of integrated proviruses, we developed a system for generation of retroviral transmission vectors differing only in U3. Vectors with the long terminal repeats of leukemogenic SL3-3 and nonleukemogenic Akv viruses were used for infection of a lymphoid cell line. We then compared expression in infected cells with transient expression after DNA transfection. In contrast to a high SL3-3/Akv reporter gene expression ratio in the transient assays, the ratio in stably infected populations was low. Sets of random cell clones from the two infected populations showed wide variation, with a mean value ratio identical to the population ratio but a considerably higher ratio between lowest values. We suggest that the lower expression levels, like transient expression, reflect inherent enhancer strength and that the higher levels represent chromosomal influence. The different pathogenicity, despite the moderate difference in average expression, may then relate to a different capacity for insertional oncogene activation owing to the different inherent enhancer strengths revealed by the transient-expression assays and the least active proviruses.
For a number of replication-competent murine leukemia viruses (MuLVs), differences in tumor-forming potential and tissue specificity of tumor formation have been shown to be determined by nucleotide sequences in the U3 region of the long terminal repeat (LTR) (5, 6, 9, 10, 16, 17, 21, 22, 34, 45, 46) .
A correlation has been suggested between the transcriptional strength of a U3 region in a given cell type and the potential of the virus for tumor formation in the corresponding tissue (2-4, 23, 37, 41, 42, 48) . This hypothesis was based on transient expression of reporter genes under the control of various MuLV LTRs. In each cell type, higher levels of expression were found from LTRs of viruses that cause tumors of these cells than from those of viruses that do not.
The investigators proposed the following explanations (4, 37) : (i) a high transcription rate is accompanied by high replication rate, leading to efficient spread of the virus in the target tissue; (ii) high transcriptional activity leads to high expression of a viral gene product involved in tumor formation; (iii) transcription rates reflect cell-specific enhancer strengths, the stronger enhancers being more likely to activate neighboring cellular proto-oncogenes.
These experiments measured the transcriptional activity of unintegrated vector DNA after transfection. With this approach, obscuring influences of cellular flanking sequences are avoided. However, since a retrovirus exerts its influence upon the cell while integrated as a provirus, effects of flanking sequences upon its expression must be taken into account when possible relations between transcription and tumorigenicity are considered.
To evaluate the influence of chromosomal environment upon proviral gene expression, we constructed an Akv MuLV-based transmission vector permitting replacement of * Corresponding author. the U3 region with that of most other MuLVs. We then determined the transcriptional activity ratio of LTRs from highly leukemogenic SL3-3 (21, 43) and non-leukemogenic Akv (43, 44) in populations of the lymphoid cell line L691 (26) stably infected with retroviral vectors and compared this ratio with the ratio obtained in transient-expression assays after DNA transfection.
We report that although the different pathogenic properties are accompanied by a large difference in transient expression in L691 cells, in agreement with previous results (2, 4, 37) , this difference is dramatically reduced in the stably infected populations.
To study the expression of individual proviruses, we isolated cell clones from both populations and determined the distribution of expression levels in the two clone series. On the basis of the clonal distributions, we propose a model which can account for the discrepancy between the results obtained by the two methods of gene transfer and discuss the implications for the proposed mechanisms of tumor formation.
MATERIALS AND METHODS
Plasmids. The neo transmission vector plasmid pT-523 (pL-psi-PLneo) has been described earlier (20) . For the multistep replacement in the downstream Akv LTR of the PstI-KpnI fragment with that of another retrovirus, see Fig.  1 . The plasmid pGemH, lacking cleavage sites for PstI, KpnI, NruI, and HincII, is derived from pGeml and pGem2 (Promega Biotec). The p(tvSL3-3-neo) vector was generated by using the PstI-KpnI fragment from a plasmid carrying the SL3-3 provirus (kindly provided by J. Lenz). The p(tvAkvneo) vector was regenerated from the pT590 and pT606 plasmids (see Fig. 2 ). The expression vector pAkv-cat has been described previously (29) . The plasmid pSL3-3-cat was constructed by PstI-KpnI fragment replacement (see Fig. 2 ).
Recombinant DNA work was carried out by standard procedures (24) . The host bacterial strain was Escherichia coli K-803 (47) .
Cell culture. psi-2 (25) cells by the hot acid-phenol-sodium dodecyl sulfate procedure as previously described (20) . RNase protection analysis (28) was carried out as described previously (20), except for a change of hybridization temperature to 55°C.
Southern blot analysis. Southern blotting (39) , nick translation (33) , and hybridizations were carried out as recommended by Meinkoth and Wahl (27) .
Polymerase chain reaction. The nucleotide sequences of upstream proviral LTRs were determined after amplification with the polymerase chain reaction (35, 36) and oligonucleotide primers located in the neo gene (nucleotides 1659 to 1686, 5'-GGCGCCCCTGCGCTGACAGCCGGAACAC-3') (1) and upstream in the U3 region (nucleotides 14 to 41, 5'-TTCATAAGGCTTAGCCAGCTAACTGCAG-3') (44) . Taq polymerase and the protocol recommended (Perkin-ElmerCetus) were used, except that the annealing temperature was raised to 62°C. Denaturation and annealing times were 1.2 min, and the extension time was set to 5 min to amplify fragments of 1,375 nucleotides. The polymerase chain reaction products were purified, and sequencing was performed with the Sequenase kit provided by U.S. Biochemicals Corp., Cleveland, Ohio.
RESULTS

Generation of transmission vectors with variant U3 regions.
For the analysis of cell-specific expression of integrated proviruses, we chose to use replication-defective viruses, carrying the bacterial NPT II gene, neo (1), in place of the viral genes. With this approach, we avoid superinfection of cells with low provirus expression and facilitate Southern blot analysis of provirus copy numbers.
We developed a system for generation of retroviral transmission vectors differing only in U3. The principle of multistep U3 replacement is shown in Fig. 1 . Starting from the Akv-based neo-transmission vector plasmid pT-523 (20) , the downstream Akv U3 region is exchanged with the desired U3 region. The resulting plasmid is transfected into the psi-2 packaging cell line, and the vector RNA-containing viral particles produced are used for infection of other cells. The integrated vector DNA in these cells will have the substituted LTR at both ends of the provirus.
The presence of the neo gene permits G418 selection (8, 40) of neo-positive, high-titer colonies of the packaging cell line, and its expression in infected cells can be measured rapidly by using crude cell extracts (14, 30, 32) . It also permits studies employing selection for reporter gene expression in infected cells (K. Paludan, M. Duch, P. J0rgensen, N. 0. Kjeldgaard, and F. S. Pedersen, Gene, in press).
The SL3-3 vector plasmid p(tvSL3-3-neo) was generated by the above substitution procedure, with the PstI-KpnI fragment from a plasmid carrying an SL-3 provirus (kindly provided by J. Lenz) (Fig. 2) . The structure of the replaced U3 region was confirmed by sequence analysis. Since R, U5, and the U3 sequences upstream of the PstI site are identical in Akv and SL3-3 (43) , the replaced LTR of p(tvSL3-3-neo) is identical to the LTR of the SL3-3 provirus. Akv vector plasmid p(tvAkv-neo) was generated from unsubstituted pT590 and pT606. and pSL3-3-cat, were used, in which the chloramphenicol acetyltransferase gene is under the control of Akv and SL3-3 LTRs, respectively (Fig. 2) . The lymphoid cell line L691 was chosen because it has been shown previously to discriminate between the two LTRs in transient-expression assays (2, 4, 37) . L691 was transfected with plasmids pAkv-cat and pSL3-3-cat by the DEAE-dextran method. After 48 h, cell extracts were prepared and chloramphenicol acetyltransferase enzymatic activity was measured ( Fig. 3 . The activities show a clonal variation ranging from 0.10 to 2.55 relative units for the L691/Akv series and from 0.88 to 3.73 relative units for the L691/SL3-3 series. When compared in a Mann-Whitney U test, the two distributions show a statistically significant difference at the 0.5% level, but they overlap and show a ratio of mean values of only 2, in agreement with the population measurements (Table 1) .
In contrast, the ratio of the lowest values of the SL3-3 series to the lowest values of the Akv series is higher, 7 to 9, and in closer agreement with the high SL3-3/Akv activity ratio of the transient-transfection experiments. Both distributions show a positive skewness, with an accumulation of clones toward the lower values.
We believe that the NPT II activity distributions of the clones are representative of the activity distributions of their respective populations, since cloning efficiencies were high for both populations and since NPT II activities of the two populations, when corrected for infection efficiencies, showed the same ratio. That the cloning procedure has not specifically removed high SL3-3 values is supported by the fact that the standard deviation of the L691/SL3-3 distribution is not lower than that of the L691/Akv distribution (Fig.  3) . No correlation was observed between NPT II activities and growth rates in nonselective medium (data not shown).
Three vector-positive clones from the L691/SL3-3 series showed activities indistinguishable from that of uninfected L691, several hundred times lower than those of the rest of the L691/SL3-3 clones and thus completely outside the distribution. Such total lack of expression of the reporter gene has been observed in earlier experiments with this vector, with tvAkv-neo, and with the transmission vector a The average number of infectious events was calculated from the number of vector-negative cell clones by using the P(O) term of the Poisson distribution, P(O) = e->.
b The fractions were calculated from the Poisson distribution. c Calculated by using the fractions above.
L-psi-PLneo (20) . We believe that vector technical problems (mutations or deletions) have caused this phenomenon. Alternatively, since we have found no mutations or deletions on preliminary sequence analysis of proviral LTR DNA from these clones, the proviruses may be integrated in chromosomal regions that abolish transcriptional activity. In either case, the phenomenon is irrelevant to the question of cellspecific LTR activity, and the three clones are not included in Fig. 3 .
Vector provirus copy numbers of infected clones. For Southern blot analysis, DNA from all clones was digested with HindIII. Since there is only one Hindlll site in the vector sequence, located at the 5' border of the TnS sequence, the sizes of restriction fragments hybridizing to the neo probe depend on the locations of cellular HindIII sites. Thus, proviruses inserted at different chromosomal locations give hybridization bands of different sizes, permitting determination of the number of inserted vector proviruses of each clone.
Infection with retroviral vectors usually results in only one or a few integrated copies, a situation that may be advantageous for studies of normal gene regulation, as opposed to the high copy numbers (15) in cells transfected with vector DNA. In our case the copy number is indeed low, with 1 as the most frequent number and 3 as the highest (see the legend to Fig. 3) . From the number of noninfected clones in each clone set, we calculated the average number of infectious events per cell, ,u, by using the 0 class term of the Poisson distribution, P(0) = e->, ( Table 2 ). With this average value, we again used the Poisson distribution to calculate the expected number of cells having been subjected to one or more infections. The calculated values and the observed number of clones containing one, two, or three vector DNA copies were in good agreement (Table 2 ). This supports the notion that infectious events occur at random and that an infectious event has an equal chance of resulting in insertion of a vector provirus, whether it is the first, second, or third.
RNA analysis. To test whether readthrough from flanking sequences was a major contributor to clonal variation in NPT II expression, we analyzed a subset of four L691/Akv and four L691/SL3-3 clones of different activities by RNase protection with a radioactive cRNA probe protecting part of U3, R, U5, and a small part of the 5' untranslated region (20) . Normal initiation and polyadenylation will result in bands of 213 and 299 nucleotides, respectively. For all clones tested, these two bands occurred with about equal intensities, and no additional major bands were found (data not shown).
Sequence analysis. To test whether the SL3-3 vector provirus contained the SL3-3 5' LTR expected to be generated during reverse transcription in infected cells, the For these reasons, it may be difficult to accept virus expression level as the sole explanation of pathogenic phenotype. Also, the moderate difference between the proviral expression levels seems to conflict with the very strict differences between the viruses in transient-expression levels in lymphoid cells as well as in pathogenic properties.
Both clone samples showed a clustering of clones toward the lower expression levels. When the lowest values obtained for each series are considered, a ratio is observed that is considerably larger than the mean value ratio; it therefore corresponds better to the results of the transient-expression assays. It is therefore tempting to associate these lower values both with the transient-expression values and with relative pathogenicity. If transient-expression assays reveal the basic strength of an enhancer in the cellular environment of diffusible factors (2, 42) , the lowest expression levels observed among our NPT II-positive clones may then represent proviruses integrated in chromosomal regions that do not exert a very strong influence upon the transcription of the proviral genes and hence do not affect the inherent basic values very much, whereas the higher values may represent positive chromosomal influence. The ability of a proviral enhancer to activate neighboring proto-oncogenes may be assumed to depend on the inherent strength of the enhancer, not on the activity to which it can be stimulated by the surroundings. Insertional activation or stimulation of a silent or weakly expressed cellular proto-oncogene may be supposed to occur in chromosomal regions of weak transcriptional activity; these are the regions in which the unmodified proviral enhancer strengths are revealed. Thus, our model discriminates between the proposed mechanisms for tumor formation by replication-competent murine retroviruses in favor of the insertional activation hypothesis.
